The ends of linear chromosomes, the telomeres, comprise repetitive DNA sequences that 13 are protected by the shelterin protein complex. Cancer cells need to extend these telomere 14 repeats for their unlimited proliferation, either by reactivating the reverse transcriptase 15 telomerase or by using the alternative lengthening of telomeres (ALT) pathway. The different 16 telomere maintenance (TM) mechanisms appear to involve hundreds of proteins but their 17 telomere repeat length related activities are only partly understood. Currently, a database 18 that integrates information on TM relevant genes is missing. To provide a reference for 19 studies that dissect TM features, we here introduce the TelNet database at 20 http://www.cancertelsys.org/telnet/. It offers a comprehensive compilation of more than 21 2,000 human and over 1,100 yeast genes linked to telomere maintenance. These genes 22 29 30 Keywords 31 Telomere maintenance, telomerase, alternative telomere lengthening, pathway analysis 32 33 Background 34 Telomeres, the ends of linear chromosomes, consist of repetitive DNA sequences bound by 35 the shelterin protein complex [1, 2]. This protein assembly protects the DNA ends from 36 degradation and accidental recognition as DNA double-strand breaks [3-5]. The progressive 37
were annotated in terms of TM mechanism, associated specific functions and orthologous 23 genes, a TM significance score and information from peer-reviewed literature. This TM 24 information can be retrieved via different search and view modes and evaluated for a set of 25 genes on a statistics page. With these features TelNet can be integrated into the annotation 26 of genes identified from bioinformatics analysis pipelines to determine possible connections 27 with TM networks as illustrated by an exemplary application. We anticipate that TelNet will 28 be a helpful resource for researchers that study TM processes.
3 as well as features of the ALT pathway like PML (promyelocytic leukemia) nuclear bodies 48 along with telomere repeats that are associated with a variety of proteins and referred to as 49 APBs (ALT-associated PML nuclear bodies) [20] [21] [22] [23] . Furthermore, investigations of 50 deregulating effects upon telomere shortening have related a number of proteins to telomere 51 crisis [24] . 52 A well-studied model organism for telomere biology is the budding yeast Saccharomyces 53 cerevisiae [25] . Several independent deletion screens with subsequent direct measurements 54 of telomere length have identified a comprehensive list of yeast genes involved in telomere 55 length regulation [26] [27] [28] . Since telomere structure and function are highly conserved 56 between organisms, mammalian homologues exist for most of the genes identified in the 57 various yeast screens. Thus, it can be informative to relate TM phenotypes found in yeast to 58 human homologues [29] . In S. cerevisiae, telomerase is constitutively active and its deletion 59 leads to cellular senescence [30] . Survivor cells that overcome cellular senescence in the 60 absence of telomerase use a mechanism based on homologous recombination for telomere 61 elongation [31] . Interestingly, similar to ALT in human cells, so-called type II survivors are 62 characterized by heterogeneous telomere lengths [32, 33] . 63 The following existing databases provide some telomere-relevant information: TeloPIN 64 (Telomeric Proteins Interaction Network, http://songyanglab.sysu.edu.cn/telopin/index.php) Data source 98 To compile an initial set of TM relevant genes, we selected screening studies on genes or 99 proteins that play a role in telomere biology (Figure 1, Table 1 ) that included the following: 100 (i) Proteins that bound to a telomere probe in an ALT-and a telomerase-positive cell line 101 [14] , (ii) proteins from the analysis of telomeric chromatin of telomerase-positive cells [15] , 102 (iii) proteins in close proximity to shelterin components [16, 17] [18, 19] and, (viii) a gene set with potential relevance to telomeres and the ALT 107 pathway [40] . In addition, more than 1,100 budding yeast genes were included in TelNet. 108 These genes were identified from the following sources: (i) Deletion screens that identifying 109 telomere length associated genes [26] [27] [28] to provide gene and protein identifiers for Entrez, Hugo, Ensembl, Refseq and UniProt. To 127 account for organism specific differences such as the lack of splicing and therefore isoforms 128 in yeast or the absence of locus tags in human, the identifiers were selected differentially for 129 each species. General gene information was retrieved from designated external databases 130 and repositories, such as the National Center for Biotechnology Information (NCBI, biocuration guidelines [54] we generated a list of cellular functions similar to curation 139 procedures at SGD [55] . Every protein was manually annotated with the respective term that 140 was most representative for its cellular function. In this manner, general information for every 141 gene entry was compiled from a variety of external databases.
143
Telomere maintenance annotation with literature information and scoring 144 Genes were further annotated with TM information from peer-reviewed literature for 145 assigning them to functional categories (Figure 2) . Up to five TM functions of an assembled 146 list that comprises molecular functions as well as cellular processes and structures with 147 regard to TM can be selected. A knock-out or knock-down phenotype related to TM features 148 such as alterations in telomere length, increased or decreased ALT hallmarks, or effects on 149 telomerase was described as free-text in the field 'TM phenotype'. Details from the literature 150 were summarized in the field 'TM comment'. To quantify the significance of a given gene for 151 TM we introduced the TelNet score ranging from 1 (low) to 10 (high) that is automatically 152 calculated from information entered into the TelNet database ( Table 2) TelNet score to one of the groups "ALT", "telomerase-positive" or "ambiguous", which refers 7 to its wild-type form. Thus, a gene that is recurrently mutated in ALT positive tumors like 193 ATRX (alpha thalassemia/mental retardation syndrome X-linked protein) would represent an 194 ALT suppressor. It is classified as "telomerase-positive" for the predicted TMM associated 195 with its wild-type phenotype. The attribute "ambiguous" is used for genes lacking information 196 on TM mechanism as well as genes with conflicting associations. Thus, TelNet informs 197 about known and predicted TM features for the genes of interest via its different search and 198 summary analysis tools. In order to normalize for tissue-and age-specific effects, we calculated the ratio of tumor 209 over normal for telomere lengths and the log2 ratio for gene expression. For the two ratios 210 the Spearman correlation coefficient was calculated. A significant correlation of telomere 211 length with gene expression was observed for 87 genes (Rho > 0.186 or Rho < -0.184) and 212 940 genes were differentially expressed (log2 ratio > 0.852 or log2 ratio < -0.782) (Figure 4) . 213 It is noted that most of the tumor samples had shorter telomeres than the respective normal 214 control sample. This could be the result of a higher tumor proliferation rate being only partly 215 compensated by the active TMM. This confounding factor as well as the tissue specific 216 expression programs in the different tumor entities are likely to lead to false negative results. 217 For example, TERT (telomerase reverse transcriptase) expression did not show a significant 218 correlation with telomere length. Thus, it might be informative to examine deregulated genes 219 that did not display an (anti-)correlation with telomere length with respect to potential TM 220 activities ( Supplementary Table 1 ). 221 To further analyze the genes were correlations were detected, we then used TelNet to was downregulated in tumors (log2 ratio = -1.02) and expression levels were positively 228 correlated with telomere elongation (Rho = 0.22). Support for the association of ARL4D with 229 telomere length is found by examining the TelNet link to the yeast orthologue ARF1 (ADP 230 ribosylation factor 1), which shows shorter telomeres in the deletion mutant [27, 41] . 231 However, the human tumor phenotype appears to be more complex since a downregulation 232 of ARL4D was found in the comparison with healthy tissue. 233 (iii) It appears that from the available pan-cancer data no strong candidate genes are 234 emerging that act as drivers for enhancing or repressing telomere elongation across different 235 tumor-types. Nevertheless, genes like SUMO3 (small ubiquitin-like modifier 3) and ERCC5 236 (excision repair 5 endonuclease) were identified via the TelNet analysis as proteins with 237 known TM activities and are among the most highly (anti-)correlated genes with respect to a 238 function in modulating telomere length in tumors ( Table 3) [58] . Accordingly, a further investigation of SUMO3 and ERCC5 with respect to their role for 245 ALT in tumor cells might be warranted. 246 In summary, TelNet provides a straightforward approach to the annotation of gene lists 247 obtained from different 'omics' approaches as illustrated above for WGS and RNA-seq data 248 to identify candidates involved in telomere maintenance for further analysis. The TelNet database was developed to provide a comprehensive collection of TM relevant 252 genes. As it is an ongoing research project, new information on telomere maintenance will 253 be added as they become available. In addition, an extension of TelNet is planned to include 254 also genes from other organisms such as M. musculus. We encourage other researchers 255 working on telomeres to communicate their feedback via e-mail to telnet@dkfz.de to further 256 improve the information provided by our database. 
